Abstract-In this paper, a low complexity microwave based direction finding (DF) system is presented. The proposed system consists of single six-port (SP) circuit integrated with a reconfigurable multiple-input-multiple-output (MIMO) antenna system. The proposed design is a complete integrated solution with DF capabilities for cognitive radio platforms. The design is suitable to be used in compact wireless handheld and mobile communication devices. The SP circuit covers a wide frequency band (1.68∼2.25 GHz) while the reconfigurable MIMO antenna system cover several frequency bands between 0.7 GHz to 3 GHz. The fabricated integrated system achieves ±16 o accuracy in its direction of arrival estimates.
I. INTRODUCTION
Low complexity direction finding (DF) systems in wireless communication devices have attracted attention over the past decade. Radio frequency (RF) based DF schemes are of particular interest because of their low profile RF structure and their minimal data processing requirements. RF DF schemes are gaining popularity in wireless communication devices and in military services. Wireless handheld devices complying with 3G/4G wireless standards integrated with RF DF systems would be an attractive feature for next generation cognitive radio (CR) platforms [1] .
The basic concept of RF DF is an angle-of-arrival (AoA) estimation of an incoming RF signal from a distant source. Classical techniques of digital signal processing (DSP) algorithms such as Multiple Signal Classification (MUSIC) and Estimation of Signal Parameters via Rotational Invariance Technique (ESPRIT) use an array of antennas followed by single or multiple receivers to estimate the AoA [2] , [3] . The use of such single or multiple receivers, computationally intensive DF algorithms and techniques are limited to be used in practical wireless handheld and mobile devices [4] . RF DF systems using the six-port (SP) circuit gained popularity over past few years because of their low cost and its simple microwave structure [5] .
Most of the existing 3G/4G wireless standards cover low frequency bands while most of the existing SP structure are covering frequency bands above 2GHz [5] - [7] . In addition to high frequency operation, the given SP circuit dimensions are not suitable to be used in wireless handheld devices. A low frequency compact SP circuit was presented in [8] . Although, the SP design was compact and it covered low frequency bands, it was not presented in a complete integrated solution for AoA estimation. Also, a dual SP design was presented in [9] with low frequency operation.
In this work, we propose a complete integrated solution complying with the second generation CR standards in mobile devices. The system integrates a compact SP circuit based on [8] with a reconfigurable MIMO antenna system based on [10] . The antenna system used cover several frequency standards in the frequency bands between 0.7 to 3 GHz while SP circuit used cover frequency bands from 1.68 to 2.25 GHz. The unique feature of the proposed design is the integration of the SP circuit with the reconfigurable MIMO antenna system for lower frequency bands of operation. The complete system was tested and its AoA determination capability was studied in a complete experimental setup.
Moreover, the integrated design is easily distinguished from all other contemporary designs as it could be utilized in wireless handheld devices and mobile terminals. Additionally, the complete system can be used in data Tx/Rx mode and beam forming mode complying with second generation CR standards.
II. DF IN COGNITIVE RADIO PLATFORMS
The revolutionary technique of CR is a system with efficient utilization of frequency spectrum along with direction finding capability [1] . In this section, the classification of CR antenna, its use in beamforming mode and operational principles are discussed.
A. Beamforming in CR Platforms
Front end antennas of CR platforms are categorized and is shown in Figure 1 . CR antennas consists of two types of antennas, (1) an ultra wide-band (UWB) sensing antenna and (2) a reconfigurable communication antenna. Reconfigurable antennas can be utilized to change their operating fundamental characteristics i.e. resonance frequency, radiation pattern, polarization and impedance bandwidth. The reconfigurable antennas can be simple frequency reconfigurable ones or reconfigurable MIMO antennas that can be utilized to enhance the data rate capability. The MIMO antenna system could be used in two modes of operation in a CR platform (1) Data Tx/Rx mode and (2) Beamforming mode. Beamforming mode in CR platforms can be utilized for RF DF. 
B. DF Operation Principle
The block diagram of operating principle of AoA estimation based on RF DF using the SP circuit is shown in Figure  2 . The detailed description of the operating principle of the SP circuit for RF DF was given in details in [8] . The receiving antennas are separated by distance d with a path difference ∆d while the received signals experience a phase difference ∆φ. AoA (φ) of a distant object can be calculated using ∆d and ∆φ information using eq. (1), where λ is the wavelength of operating frequency.
Eq. (1) can be used to determine the AoA of the incoming RF signal based on the information of phase difference. SP circuit is fed with incoming wave signals and is used to find the phase difference. Once the phase difference become known, it could be utilized to find the AoA of distant target object.
C. SP Operation Principle
In this section, the operating principle of RF DF using SP circuit is described. Two input RF signals a 5 and a 6 are received by two antennas separated by distance d. The two signals are impinging on SP circuit with phase difference ∆φ owing to path difference ∆d. The phase difference can be written as ∆φ=φ 6 -φ 5 . The complete details of SP circuit for RF DF is discussed in [11] . The SP circuit outputs can be written as
The SP output RF signals are passed through power detectors and can be written as:
Where V i is the output signal of power detector and K i is constant measured in mW/V. The output signal is passed through a difference amplifier to get the two signals in-phase component (I and the quadrature component (Q. The vector Γ is defined for the SP in terms of the in-phase and quadrature components as,
where a a is the amplitude of the incoming RF signal and α is the ratio a 6 /a 5 . Eq. (4) can be used to determine the phase relationship between the input RF signals. The measured ∆φ can be used in eq. (1) to find the AoA (φ) of the distant target object.
III. SP CIRCUIT INTEGRATION WITH THE RECONFIGURABLE MIMO ANTENNA SYSTEM
The complete measurement setup of a RF DF consists of a transmitting antenna as a source and a receiving MIMO antenna system integrated with a SP circuit for AoA estimation as the receivers.
A. Measurements Setup
To find the AoA from a distant source, a reconfigurable MIMO antenna system is integrated with a single SP circuit. The source used is an UWB sensing antenna. A reconfigurable MIMO antenna system is used as the receiving system. Figure  3 shows an overview of the implemented system. The receiving antennas were separated by a distance of 53 mm (center to center). Owing to the path difference between the two receiving antennas, the propagated signal had a shift and is useful to find the AoA.
B. Details of Receiver Setup
A detailed view of the measurement setup at the receiving side is shown in Figure 4 . The receiving antenna used is a two element reconfigurable MIMO antenna system. The antenna operates at four distinct modes covering several frequency bands. The details of each mode and its operating frequencies are completely described in [10] . In the current scenario, we have used it in mode-1 and mode-4 at frequency bands 2020 MHz and 1690 MHz. The proposed SP circuit covered frequency ranges starting from 1.68 GHz to 2.25 GHz. The two reconfigurable antennas are connected with low noise amplifiers (LNA). The LNA used was the ZX60-33LN-S+, with wide bandwidth covering frequency bands from 50∼3000 MHz. Its gain was between 13∼14.4 dB in the 1690∼2020 MHz.
The output of the LNA was fed to the SP circuit at port-5 and port-6. Two ports of SP circuit were terminated with 50 loads. The four output ports of the SP structure were connected with the power detectors (ZX47-40LN-S+) followed by a difference amplifier based on LM 741 IC. The output of the SP is passed through a power detector to get the DC signal. The power detector operating at wide range with low noise DC output and needs a single 5V supply. The outputs of the difference amplifiers are the in-phase (I ) and quadrature (Q) components. Both (I ) and (Q) are DC and were acquired by a data acquisition card (LabJack u6). Two channels were used for acquiring this data. The data acquired by the data acquisition system were processed in MATLAB for AoA estimation using Eq.(1). Figure 5 shows all the components of the measurement setup. Figure 5(a) shows the source while Figure 5(b) shows the setup used for the direction of the source. Figure 5(c) shows the SP circuit integrated with the MIMO antenna system while Figure 5(d) shows the LabJack u6 interface for data acquisition.
IV. MEASUREMENTS RESULTS
In the given setup shown in Figure 5 , a single SP circuit was used to determine the AoA in 2D. Using a single SP with a two element antenna setup can be used to determine the AoA in a single plane. For a complete 3D (i.e. θ and φ) DF, a dual SP circuit with four antenna elements are required. Due to hardware limitation, in this work we have determined the AoA in 2D only.
A. Description of AoA Measurements
The objective of this work was to find the AoA of an RF distant source using the SP circuit integrated with a reconfigurable MIMO antenna system. In this experiment, AoA measurements were made under known conditions. The receiving antenna was located with known orientation. The AoA of the incoming signal wave was known beforehand. A single antenna was positioned at known angles with respect to the receiver. The receiving antenna was operated with a single tone signal at 1690 MHz and 2020 MHz for two different measurements of AoA determination. This experiment was conducted at the Microwave Lab at KFUPM. In this AoA experiment, the transmitting and receiving antennas were placed at a distance of 500 mm. The distance was made to ensure the minimum level of power to be received for accurate AoA estimation. The orientation of the transmitting antenna was changed for azimuth angles between ±80 o . It has been found that the error was becoming drastic for angles above ±60
o . The maximum errors found in the AoA measurements for azimuth angle between ±60 o were 16 o and 13 o for frequency bands 1690 MHz and 2020 MHz, respectively. The error introduced in the phase by the SP was subtracted from the final error plots (the phase response of the SP was obtained from the measured s-parameters). Figure 6 and 7 shows the error in the estimated AoA(φ) based on the measured values of (I ) and (Q) using eq. (1) 
B. Sources of Error in AoA Estimation
The measurement results of AoA estimation were able to estimate the angle of arrival with maximum error of ±16 o . Though, the error was high but it helps in understanding the problem and its implementation. The possible sources of errors are 1) Ideally, the antenna elements are supposed to be 0.5 apart. The accuracy of the results drops for closely spaced antenna elements. In the current scenario, the two antennas are separated by a distance 0.23 and 0.27 apart, for two frequency bands of 1690 MHz and 2020 MHz, respectively.
2) Although, all the circulators in the SP were designed to be symmetrical in the SP design, due to fabrication tolerances, some phase error was observed in the phases at the output of SP circuit and this contributes to the final final estimated error. 3) Asymmetry and non-linearities from the power detectors and difference amplifies contributed to the phase errors as well. 4) Different circuit modules were connected using wires.
The slight difference in the lengths of wires might have added extra phase thus contributing to this final error.
V. CONCLUSION
In this paper, a low profile RF DF system is proposed for second generation CR applications. The complete integrated system is low cost, targeting lower frequency bands of practical wireless devices and could be utilized for low processing DF systems in wireless handheld devices and mobile terminals. The compact single SP circuit integration with multi-band reconfigurable MIMO antenna system is unique to its contemporary designs for RF DF. The complete system is versatile as it could be utilized to enhance the data throughput as well as in beamforming mode for AoA estimation. The max error observed using this complete system was ±16
o .
